Objective: To generate equations for the prediction of percent body fat (% BF) via a four-compartment criterion body composition model from anthropometric variables and age. Design: Multiple regression analyses were used to predict % BF from the best-weighted combinations of independent variables. Subjects: In all 79 healthy males ( X X7s.d.: 35.0712.2 y; 84.24712.53 kg; 179.876.8 cm) aged 19-59 y were recruited from advertisements placed in a university newsletter and on community centres' noticeboards. Interventions: The following measurements were conducted: % BF using a four-compartment (water, bone mineral mass, fat and residual) model and a restricted anthropometric profile (nine skinfolds, five girths and two bone breadths). Results: Stepwise multiple regression selected six (subscapular, biceps, abdominal, thigh, calf and mid-axilla) of the nine skinfold measurements to predict % BF and using the sum of these six produced a quadratic equation with a standard error of estimate (SEE) and R 2 of 2.5% BF and 0.89, respectively. The inclusion of age as a predictor further improved the equation
Introduction
Percent body fat (% BF) is often assessed for research purposes and for monitoring changes of participants in adult fitness programmes. Valid methods are therefore needed to estimate this variable. Anthropometric measurements, particularly skinfold thicknesses, have frequently been employed as an expedient field approach for predicting body density (BD) from which the % BF is then estimated using either the Brožek et al (1963) or Siri (1961) equation. However, the hydrodensitometric body composition model partitions the body into two distinct compartments, the fat mass (FM) and fat-free mass (FFM), with assumed respective densities of 0.9007 (Fidanza et al, 1953 ) and 1.1000 g/cm 3 (Brožek et al, 1963) . Although the FM density is reasonably constant, that for the FFM has been questioned (Womersley et al, 1976; Haschke et al, 1981; Lohman, 1981; Fomon et al, 1982; Deurenberg et al, 1989; Withers et al, 1998) and its biological variability has been largely attributed to interindividual differences in the bone mineral mass (BMM) and total body water (TBW) fractions. Hence, there are problems associated with estimating % BF from BD.
The errors inherent with the two-compartment hydrodensitometric model can be reduced by employing multicompartment body composition models that measure one or more of the four (TBW, BMM, nonbone mineral and protein) FFM components rather than assuming that each comprises a constant fraction of the FFM. To our knowledge, only the research by Williams et al (1992) has used a four-compartment model as the criterion measurement for predicting % BF from anthropometric variables. However, their study had a number of limitations including the estimation of bone mineral density from a combination of appendicular and axial measurements using both single and dual photon absorptiometry, which both utilise a decaying radioisotope source; not specifying a correction for nonaqueous hydrogen exchange when measuring TBW by deuterium dilution; and the use of skinfold calipers which were not reported as being dynamically calibrated. Accordingly, the aim of this investigation was to determine the criterion % BF via a fourcompartment body composition model and generate equations which predict the hydrodensitometric, dualenergy X-ray absorptiometry (DXA) and criterion % BF from the best-weighted combination of anthropometric variables. 
Methods

Subjects
Experimental design
All tests for each subject were conducted on the same morning to minimise within-subject biological variability. The subjects were post-absorptive, euhydrated and had not exercised for 36 h. They were requested to void, in an attempt to eliminate any flatus in the gastrointestinal tract. Anthropometric measurements were recorded prior to the determination of BD as warm water produces hyperaemia, which causes the skin to swell slightly.
Body composition
The four-compartment body composition model involves the measurement of BD, TBW and BMM by hydrodensitometry, isotopic dilution and DXA, respectively. These procedures have been described previously (Withers et al, 1998; van der Ploeg et al, 2000) . Briefly, BD was measured by hydrodensitometry with the associated gas in the respiratory system determined by oxygen dilution (BFRC). TBW was estimated from saliva samples by deuterium dilution (40 mg 2 H 2 O/kg dose) using an isotope ratio mass spectrometer with application of a 4% correction factor for isotopic exchange with nonaqueous hydrogen (Schoeller et al, 1986) . BMM was obtained by multiplying the bone mineral content (BMC) or bone ash from the DXA printout (Lunar DPX-L total body scanner operated in medium scan mode using software versions 1.3z or 1.34, Lunar Corporation, Madison, WI, USA) by 1.0436 (Brožek et al, 1963; Heymsfield et al, 1989 Heymsfield et al, , 1990 ; Méndez et al, 1960) were then subtracted from those determined for the whole body using hydrodensitometry (BD ¼ mass/volume). This facilitated the partitioning of the remainder into fat and residual (protein, nonbone mineral and glycogen) masses with respective densities assumed to be 0.9007 (Fidanza et al, 1953) ), 0.998 and 0.6% (0.28 L), and 0.998 and 0.9% (27 g).
Anthropometry
A restricted anthropometric profile was recorded in accordance with the procedures of Norton et al (1996) by an anthropometrist who was certificated by the International Society for the Advancement of Kinanthropometry (ISAK). Height was determined with a wall stadiometer and body mass was measured to the nearest 20 g using an electronic balance (AND Mercury, model FW-150K). Two trials were conducted at each skinfold site (triceps, subscapular, biceps, iliac crest, supraspinale, abdominal, thigh, calf and midaxilla) with Harpenden calipers, and the mean was used if they differed by o10%. Otherwise, a third measurement was taken and the median was used in future calculations. Girths (arm relaxed, arm flexed and tensed, waist, gluteal and calf) and breadths (biepicondylar humerus and femur) were measured with a flexible steel tape and Mitutoyo vernier calipers as modified by Carter (1980) , respectively. The ICCs and TEMs (n ¼ 20) for the sum of nine skinfold thicknesses, girths and bone breadths were 0.999 and 1.0 %, Z0.994 and r0.5 %, and Z0.994 and r0.5%, respectively. The linear measurements for all anthropometric equipment were checked against standard rods and the downscale jaw pressure of the Harpenden calipers was 8.09 to 7.74 g/mm 2 for jaw openings from 5 to 40 mm (Carlyon et al, 1998) . The weighing scale was calibrated throughout the physiological range of measurement using masses that were authenticated by an electrobalance at the South Australian Office of Fair Trading.
Statistical analysis
Independent t-tests were used to detect possible age differences for FFM composition (density, hydration and % BMM) between the younger (n ¼ 38; o30 y) and older (n ¼ 41; Z30 y) age groups. Single sample t-tests were employed to determine if significant differences existed between the measured FFM components and the hydrodensitometric assumed constants. A one-way repeated measures ANOVA was used to examine differences (n ¼ 79) between the body composition models (hydrodensitometry, DXA and four-compartment model). Tukey posthoc analyses were conducted in the event of a statistically significant F-ratio for the ANOVA data set, which was also checked for violation of the sphericity assumption. To examine agerelated trends both within and between the body composition models, age was linearly regressed against the % BF and % BF differences for the model(s) of interest, respectively. The 0.05 level was used for all tests of statistical significance. Various multiple regression analyses were performed to predict % BF, which was derived via the various body composition models, from the best-weighted combinations of independent variables (age, mass, height, Quetelet's index (QI ¼ mass (kg)/height (m) 2 ) or body mass index (BMI), skinfold thicknesses (individual and a range of sums), girths, waist/gluteal ratio and bone breadths) for the younger, older and combined groups. Only those variables that resulted in a statistically significant (Pr0.05) increase in prediction were included. Furthermore, for stepwise multiple regression, variables were removed at PZ0.10. Quadratic and logarithmic transformations were also used for those variables (ie, sum of skinfold thicknesses) whose relationships with the criterion departed significantly from linearity. The sum of nine skinfold thicknesses was used as a predictor in some of the multiple regression analyses. This independent variable was validated against the descriptive criterion because it is used by ISAK as a measure of total body subcutaneous adiposity. Table 1 contains the descriptive statistics for the 79 male subjects. The mean hydration and % BMM of the FFM (density ¼ 1.1061 g/cm 3 ) for the four-compartment body composition model were 72.45 and 5.64%, respectively. Single sample t-tests demonstrated that the measured FFM density and hydration differed significantly (Po0.001) from their respective hydrodensitometric assumed constants of 1.1000 g/cm 3 and 73.72%. Independent sample t-tests also revealed significant differences between the younger (n ¼ 38; o30 y) and older (n ¼ 41; Z30 y) groups for FFM density (1.1070 vs 1.1052 g/cm 3 ; P ¼ 0.049) and FFM hydration (72.10 vs 72.78%; Po0.001) but not for % BMM (5.57 vs 5.70%; P ¼ 0.172).
Results
Sample description
Prediction of % BF from anthropometric data
The curvilinear relationship between % BF via the fourcompartment body composition model and the sum of nine skinfold thicknesses is emphasised in Figures 1 and 2 . A quadratic transformation of the skinfold data therefore resulted in an increase in the interclass correlation coefficient and a decrease in the standard error of estimate (SEE) compared with the linear regression model. By comparison, the logarithmic transformation yielded intermediate values.
A decrease in the SEE and/or increase in the R 2 were not obtained by using more than the six skinfold thicknesses that were selected by stepwise regression analysis (Table 2) . Furthermore, the addition of the other anthropometric a % BF=497.1/BDÀ451.9 (Brožek et al, 1963) . b % BF=211.5/BDÀ78.0 Â (TBW/body mass)À134.8. c Determined by four-compartment body composition model.
Figure 1 Relationships between measured % BF via the three body composition models (four compartment or 4C; two-compartment hydrodensitometric model or 2C; dual-energy X-ray absorptiometry or DXA) and P 9 skinfold thicknesses (triceps, subscapular, biceps, iliac crest, supraspinale, abdominal, thigh, calf and mid-axilla).
variables to this equation did not significantly (P40.05) increase R 2 and they were therefore not selected as predictors by stepwise analysis. Table 3 also shows separate % BF prediction equations for the younger (o30 y) and older (Z30 y) age groups. Depending on the body composition model chosen, the sum of skinfold measurements alone accounted for 85-90% of the % BF variance with SEEs at the mean ranging from 2.4 to 3.0 % BF ( Table 2 ). The addition of age as a predictor of % BF via the four-compartment model produced a better equation because it increased the explained variance from 89 to 91% and decreased the SEE from 2.4% BF to 2.2% BF. However, the best equation was produced using two stepwise regression analyses. The best-weighted combination of predictors was initially selected from all independent variables. The selected skinfolds (mid-axilla, calf and thigh) were then summed, substituted for the nine individual skinfold measurements, and the analysis was repeated. Note that this equation, which is presented in bold in Table 2 , used waist girth and biepicondylar femur breadth as well as age to estimate % BF. Figure 1 demonstrates that the hydrodensitometric % BF prediction equation underestimates that generated from the four-compartment criterion model by À2.3 to À1.3 % BF over the range of skinfold thicknesses. In contrast, the equation used to estimate DXA body composition from skinfold measurements progressively underestimates the % BF criterion for skinfold thicknesses less than 244.2 mm or 33.8 % BF (Figure 1 : À3.1 to þ 0.1% BF for P 9 skinfold thicknesses of 46.2 to 255.0 mm).
Agewise differences between body composition models
The % BF means determined by hydrodensitometry and DXA were both significantly (Po0.01) less than that calculated using the four-compartment criterion model Figure 2 Relationships between measured % BF via the fourcompartment (4C) model and P 9 skinfold thicknesses (triceps, subscapular, biceps, iliac crest, supraspinale, abdominal, thigh, calf and mid-axilla) for the younger (o30 y), older (Z30 y), and combined groups. 
these six sites were selected by stepwise regression analysis from the nine individual skinfold sites).
This equation was produced using two stepwise regression analyses. Firstly, the best-weighted combination of all independent variables was selected. Secondly, the selected skinfolds (mid-axilla, calf and thigh) were then summed, substituted for the nine individual skinfold measurements, and the analysis was repeated.
( Table 1) . Furthermore, significant age-related trends were observed across the distribution of errors for estimating % BF for all three pairwise comparisons (Figure 3 ). Compared to % BF via the four-compartment model, the hydrodensitometric underestimations were greater for younger than older individuals (r 2 ¼ 0.084; P ¼ 0.01), whereas those using DXA increased with age (r 2 ¼ 0.252; Po0.001). The relationship between % BF difference (hydrodensitometryÀDXA) and age (r 2 ¼ 0.357; Po0.001) demonstrated that body fat was underand overestimated by hydrodensitometry for younger (o38 y) and older (438 y) subjects, respectively, compared with that obtained using DXA. In addition, no trends were observed between % BF and age (ie, the slopes did not significantly depart from zero) using either the four-compartment model (r 2 ¼ 0.042; P ¼ 0.07) or DXA (r 2 ¼ 0.003; P ¼ 0.64) to determine body composition. By contrast, the slope for the relationship between the hydrodensitometric % BF and age did depart significantly from zero (r 2 ¼ 0.060;
Discussion
Prediction of % BF from the four-compartment body composition model This study provides anthropometric equations for the prediction of % BF via a four-compartment body composition model in men aged 19-59 y (Tables 2 and 3 ). Despite the fact that a heterogeneous sample (10.0-36.6 % BF) was deliberately chosen, the SEEs (1.8-3.0 % BF) are lower and the correlations (0.92-0.97) are higher than those for most prediction equations in the literature (Norton, 1996) . These previous predictions of body composition using anthropometric measurements have relied primarily on the twocompartment hydrodensitometric model as the criterion (Durnin & Womersley, 1974; Jackson & Pollock, 1978 Withers et al, 1987) . The present investigation is therefore unique because the criterion of % BF via the four-compartment model is more valid than hydrodensitometrically estimated % BF which erroneously assumes that the FFM density is 1.1000 g/cm 3 for all subjects. However, it should be noted that the majority of established equations use anthropometric variables to predict the hydrodensitometrically determined BD and then estimate % BF via either the Brožek et al (1963) or Siri (1961) equation, whereas in the present investigation the % BF via the four-compartment body composition model was predicted directly from anthropometric measurements. Refer to Table 2 for a definition of symbols.
Figure 3 Age-related trends across the distribution of errors for determining % BF via the three body composition models (4C, fourcompartment model; 2C, two compartment hydrodensitometric model; DXA, dual-energy X-ray absorptiometry; and fine lines are 95% confidence intervals).
While the four-compartment body composition model provides a valid determination of % BF, it is time consuming, expensive and requires considerable tester expertise. On the other hand, the expedient field technique of recording skinfold thicknesses provides a reasonably accurate measurement of subcutaneous adipose tissue and furthermore has been shown to be the best anthropometric predictor of % BF (Jackson & Pollock, 1978; Jackson et al, 1980; Withers et al, 1987) . Nevertheless, despite considerable face validity, their use in body composition research has been plagued with biologically significant prediction errors (SEEX2.3 % BF; Norton, 1996) . Williams et al (1992) reported SEEs of 2.9 and 3.3 % BF for the prediction of body fat using a four-compartment body composition model for 91 American males aged 34-84 y. However, their criterion measure of body composition or dependent variable did not utilise a direct determination of total body BMM, but rather estimated BM density from a combination of appendicular and axial measurements using both single-and dual-photon absorptiometry. In addition, they estimated TBW from deuterium-enriched respiratory water samples (compared with saliva samples for this study) and also appeared to make no correction for nonaqueous hydrogen exchange. The Williams et al (1992) equation used the following variables to predict % BF from their multicompartment model: age (y), sum of four individual skinfolds (subscapular, chest, mid-axilla and thigh or triceps, subscapular, abdominal and calf) and square of the latter. Analyses of the current data (n ¼ 79) using a similar protocol selected six rather than four individual skinfold thicknesses, and resulted in an SEE of 2.2 % BF for the prediction of body composition (R 2 ¼ 0.91). In the present investigation, the sum of skinfold thicknesses alone (quadratic equation) accounted for the majority of the % BF (89%) variance, which is greater than the 80% shared variance between the dependent and independent variables reported by Williams et al (1992) . They commented that since the best-fit skinfold measurements included three upper trunk and one lower limb sites, fat patterning may have been specific to their group of males, thereby potentially limiting the generalisability of their % BF prediction equation. To alleviate this problem, it is therefore recommended that investigators include a range of skinfold sites over the entire body to account for biological variability in the regional distribution of subcutaneous adipose tissue. But this cannot control for interindividual variability in the ratio of internal to external fat. Nevertheless, the best % BF equation for the sample used the sum of three individual skinfold measurements (midaxilla, calf and thigh), waist girth, biepicondylar femur breadth and age as independent variables (Table 2) , but those equations that use more skinfold thicknesses (Table 2) may have better generalisability. Although the four-compartment body composition model is theoretically more valid than the others that were examined, there is some concern that the increase in accuracy may be offset by the propagation of measurement error associated with the individual determinations of BD, TBW and BMM. However, this error can readily be calculated by assuming that the squared errors are independent and additive (Taylor, 1982) . The precision data collected in this study yielded a standard deviation for a propagated error of 0.6 % BF. This value compares favourably with those of 0.7 (Withers et al, 1999 ) and 1.6 % BF (Heymsfield et al, 1990) reported in the literature, and is substantially less than the hydrodensitometric error of 3.8 % BF caused by biological variability in FFM density (Siri, 1961) . The extra accuracy achieved using this multicompartment model is therefore not offset by propagated measurement error.
Prediction of % BF from other body composition models Prediction of the hydrodensitometric % BF from the sum of nine skinfold thicknesses resulted in a lower coefficient of determination (0.84) and higher SEE (3.0 % BF) than those obtained for the four-compartment model. This may reflect the ability of the four-compartment model to more accurately resolve body composition. However, the use of DXA % BF and four-compartment % BF as the criteria generated regression equations that had similar validities and predictive precisions (Table 2 ). In addition, the skinfold calipers used in this study were dynamically calibrated both upscale and downscale according to the recommendations of Carlyon et al (1998) to ensure that they exerted a relatively constant jaw pressure across the physiological range of skinfold measurement. A combination of the preceding factors may explain the improved predictive ability of the new equations.
Agewise differences in the prediction of body composition Division of the sample into two age groups (o30 y, n ¼ 38; Z30 y, n ¼ 41) clearly demonstrates that skinfold thicknesses are a better predictor of % BF for the younger group (SEEs: 1.9 vs 2.6 % BF) even though both groups consisted of similar numbers. However, this may be an artefact of the larger age range for the older group (30 y) which represents a more heterogeneous sample, thereby increasing the prediction error. Figure 2 shows that, for the sum of nine skinfold thicknesses over the entire range of measurement, a greater % BF is predicted for the older males than for the younger group. This may be the result of one or more of the following agewise changes:
1. Increase in the internal to subcutaneous fat ratio. Since skinfold thicknesses are a direct measure of subcutaneous body or external fat, it can be hypothesised that a higher proportion of fat is deposited internally with age. This may also be responsible for the larger SEE obtained for the older group (Table 3) . 2. Decrease in skin thickness (Bliznak & Staple, 1975; Clarys et al, 1987) .
3. Increase in skinfold compressibility (Brožek & Kinzey, 1960; Martin et al, 1985) .
Nevertheless, predicting four-compartment body composition from the sum of nine skinfold thicknesses using the new equations results in 95% confidence intervals at the mean of 73.7, 75.1 and 74.9% BF for the younger, older and combined groups, respectively. The inclusion of age as a predictor accounts for some of the aforementioned agerelated differences by further reducing these values to 73.5, 75.0 and 74.3% BF. In view of these relatively large confidence intervals, it may be better to monitor changes in body composition using raw skinfold measurements rather than using them to predict % BF.
Differences between body composition models Individual differences between hydrodensitometry and the four-compartment model ranged from an overestimate of 2.3 % BF to an underestimate of 5.1 % BF. But only four of the 79 subjects recorded a higher % BF value using the former model. Hence, analyses of the body composition data demonstrated that hydrodensitometry yielded a significantly lower mean % BF (1.9%) than the four-compartment criterion model. This result, together with the corresponding interclass correlation coefficient of 0.99, suggests a constant bias between the two methods for the determination of % BF. Furthermore, resolution of the FFM using the four-compartment model resulted in an average hydration of 72.45%, which is significantly less than the assumed hydrodensitometric constant of 73.72%. Consequently, since water has by far the lowest density and comprises the greatest percentage of the four FFM components, the FFM density was greater than 1.1000 g/cm 3 and the % BF was therefore underestimated via hydrodensitometry. The fact that the older group had a higher average % BF than the younger group, independent of the body composition model used, may have contributed to the increase in their % FFM hydration since adipose tissue contains B15% water. Also, DXA has a noted tendency compared with other body composition models to underestimate the body fat of older males (Wellens et al, 1994) . Presumably, these subjects deposit more fat in the truncal region, which DXA technology cannot accurately resolve (Snead et al, 1993; Milliken et al, 1996) .
Despite the large range for % BMM (4.68-6.81%), control for the biological variability in this FFM component using the four-compartment model did not achieve an increase in accuracy of the % BF determinations compared with the three-compartment model (fat, water and residual). The overall average of 5.64% was similar to the two-compartment hydrodensitometric constant of 5.63%. This is in contrast to FFM hydration, which impacted greatly on relative body fat. Since the four-compartment model achieved little extra accuracy compared with the threecompartment model (22.7 vs 22.6 % BF), with individual differences between the methods ranging from À0.6 to 0.7 % BF, the measurement of BMM is probably therefore unwarranted for this age group (19-59 y) .
Conclusions
This study demonstrates that the prediction equations derived from a four-compartment body composition model provide more valid estimates of % BF than using hydrodensitometry as the criterion method. But cross-validation is required to ascertain their suitability to different cohorts of males. Although these errors are among the lowest published for a heterogeneous sample, the 95% confidence interval at the mean for our best equation suggests that it may be more practical to work with the sum of skinfold thicknesses than the predicted % BF. Furthermore, the differences between the hydrodensitometric and multicompartment body composition models were largely attributable to biological variability in FFM hydration. Hence, in hindsight, the measurement of BMM via DXA was probably unnecessary and the threecompartment model (fat, water, fat-free dry mass) could have been used as the criterion.
